A cDNA plasmid bank has been constructed using mRNA from developing pea seeds and three cDNAs coding for vicilin polypeptides have been selected. These cDNAs have been sequenced and between them cover the whole of the coding sequence plus part of the 5 1 and 3 1 untranslated regions. Comparison with amino acid sequence data from the protein indicates that vicilin is synthesised as preprovicilin with subsequent removal of a signal peptide and a C-terminal peptide as well as post translational endo-proteolytic cleavage. The cDNAs represent two different classes of vicilin genes whilst amino acid data show that there are at least three major classes of vicilin polypeptide. The vicilin sequences show extensive homology with conglycinin and phaseolin except in the regions of the internal proteolytic cleavages. The evolutionary significance of this relationship is discussed.
INTRODUCTION
The developing pea seed has proved to be useful material for the study of protein synthesis and its control, and this subject has been extensively reviewed (1, 2) . Protein studies have shown that the two major pea storage proteins legumin and vicilin are both synthesised as larger precursor molecules from which the smaller subunits are later derived (3, 4, 5, 6, 7, 8) .
The vicilin fraction is synthesised as a number of larger peptides of 47k
Mr to 50k Mr and some of these are further processed by post-translational proteolysis at defined sites (5, 6, 9, 10) .
Sequence data from vicilin has hitherto been restricted to the amino acid sequence of one of the smaller subunits produced by proteolysis (11) and some cDNA and amino acid sequence from the vicinity of the processing sites (9, 10) .
Sequence data is now presented from cDNAs encoding a 47k Mr and a 50k Mr subunit. The cDNAs show considerable homology and together allow the prediction of the sequence of a representative preprovicilin polypeptide. This is one of the first reports of sequences transcribed from plant nuclear genes, which are different somewhat from animal genes (12) . Although it has been suspected that vicilin may be synthesised as a prepropeptide (6, 13) this has now been confirmed by DNA sequencing. Protein sequence is presented in order to correlate the cDNAs to the various smaller vicilin subunits. The way in which the protein heterogeneity may reflect the existence of a gene family and the evolutionary relationship of that gene family to the storage protein genes of other legumes is discussed.
MATERIALS AND METHODS

Construction of cDNA plasroids
The production of cDNA and the construction of pDUB2 and pDUB4
(previously referred to as pRC2.2.1 and pRC2.2.1O respectively) have been described (14, 7) . The construction, selection and identification of pDUB7 was by the same procedure but with the following modifications. After double strand synthesis and SI nuclease treatment, cDNAs were size fractionated on 0.75% agarose gels and molecules of lengths > lkb excised from the gel and purified as described (15) . These long cDNA molecules were BamHl linkered, ligated into BamHl digested pBR322 and then again size fractionated, as described above, to enrich for recombinant plasmids containing single cDNA species of lengths > lkb prior to transformation.
The sub clone pDUB12 was constructed as follows. The large BamHI-HincII generated restriction fragment from the insert of pDUB2 was purified from an agarose gel (15) and ligated to pUC8 (16) which had been cleaved with BamHl and Smal and similarly recovered from an agarose gel. The ligated DNA was transformed into E.coli J.M83 (16) rendered competent as described (17) and Lac + transformants selected as described (16) . Plasmid DNA from the transformants was prepared and screened (18) .
Large scale plasmid preparations were as described (19) .
DNA sequencing
DNA sequencing was routinely performed by the 'forwards and backwards' method (20) after the production of 5' end-labelled fragments as described (21) . Deoxyribonuclease I (5ng ml ) was added to the reaction mixtures and forwards and backwards mixtures were pooled prior to electrophoresis as three successive loadings on 18 cm x 45 cm x 0.5cm gels prepared and run as described (22) .
The sequence of the insert from pDUB4 was confirmed by subcloning into M13mp7 (23) and sequencing by the dideoxy procedure (24) .
DNA sequences were analysed in part by hand and in part by a standard computer programme (25) .
DNA hybridisation
Southern blot hybridisations were performed as described (26) .
Protein sequencing
Vicilin was purified from cotyledons of mature seeds of Pisum sativum L var Feltham First (Suttons Seeds Ltd., Torquay, U.K.) by ammonium sulphate fractionation and gel filtration (6) and vicilin subunits were separated and their proteolytic cleavage carried out as previously described (9, 11) . Where necessary, the peptides were size fractionated by gel filtration on a column (140cm x lcm dia) of Bio-gel P4 (Bio-Rad Ltd.) in 0.1M N-ethylmorpholine-HCl buffer pH8.O, at a flow rate of 5 ml hr~^. Eluted peaks ( A 71 «) were pooled and lyophilised. The separation of peptides by reverse phase hplc and their sequencing by the manual diammobenzoylisothiocyanate (DABITC) method (27) was performed as described (9) . N-terminal sequencing was also carried out by the DABITC method. N terminal determination was by the dansyl-Edman procedure (28) and C-terminal determination was by digestion with carboxypeptidase A followed by dansylation and t.l.c. (29) .
RESULTS
The construction and preliminary characterisation of cDNA plasmids pDUB2 and pDUB4 (previously referred to as pRC2.2.1 and pRC2.2.1O) has been described (7) . A second cDNA bank has been constructed by a modified method in which cDNA was synthesised as usual (14) with pDUB7, neither of these hybridise strongly to pDUB2. This is as expected since pDUB4 and pDUB7 are known to encode a 47k Mr subunit of vicilin. pDUB2 encodes a different subunit of 50k Mr. In terms of restriction pattern, pDUB4 and pDUB7 overlap perfectly, whereas pDUB2 shows only moderate similarity to the other two (see Fig. 2 ). The cDNA inserts of all three plasmids were completely sequenced by the 'forwards-backwards' method. The sequencing of pDUB2 was completed by sequencing a fragment sub-cloned into pUC8 to generate pDUB12. The extent of these cDNA inserts relative to an idealised vicilin message is shown in Fig. 2 Southern blot of an agarose gel loaded with BamHl treated cDNA plasmids, probed with A.pDUB2 insert B.pDUB4 insert. Tracks were loaded with 7 = pDUB7, 2 = pDUB2, 4 = pDUB4. Bands labelled are (a) pDUB7 insert (b) pDUB2 insert, (c) pDUB4 insert (V) pBR322 vector. The weak binding of probe A to the vector bands (V) is emphasised by the long exposure needed to show band (c) and is caused by the contamination of the cDNA insert probe, purified as described (15) , with a low level of vector sequences.
Shows the extent of the three original cDNA plasmid inserts (pDUB7, pDUB4 and pDUB2) together with the subcloned fragment of pDUB2 (pDUB12). The scale at the top represents part of an idealised vicilin message showing the leader sequence (L) the 3' untranslated region (3'UT) and the three vicilin subunits (a,6 and y)produced by post translational processing. The restriction enzyme sites shown have all been verified by actual restriction mapping and are: X = Xbal, B = Bglll, N = BstNI, E = BstEII, H = Hindi. An additional Xbal site (not shown) is predicted by the sequence of pDUB7 but is not cleaved by the enzyme (probably due to methylation of the DNA). and predicted amino acid sequences are shown in Fig.3 . The overlapping regions of pDUB4 and pDUB7 were found to be identical in sequence, suggesting that they were derived from transcripts of the same gene. The sequence derived from pDUB2 also shows imperfect, but considerable, sequence homology with the composite sequence derived from pDUB4 and pDUB7.
In order to allow further correlation of the predicted amino acid sequence with actual storage protein subunits and to identify posttranslational processing, amino acid sequencing of vicilin protein extracted from pea seeds was undertaken as follows. Vicilin subunits were separated by ion-exchange chromatography followed by gel filtration in dissociating media. Samples (at least 90% pure as judged by SDS-polyacrylamide gel electrophoresis) of the 50k Mr, 33k Mr, 19k Mr and 16k Mr subunits were Over the regions where sequence data was available from both classes of clones there was good (86%) homology between the two. Most of the differences between the DNA sequences led either to no difference in the amino acid sequence or to conservative amino acid substitutions. This finding is in keeping with the relatively wide codon usage found in the vicilin sequence as in most plant sequences (12) . At least three types of vicilin ^ 50k Mr polypeptides can be postulated on the basis of their susceptibility to post-translational proteolysis at two major sites, the a -6 and 6 -Y sites (9, 10) . These may be designated as type A (no cleavage at either site), type B (cleavage at the 8 -y site only) and type C (cleavage at both sites). A fourth type, type D (cleavage at the a -B site only) may be postulated on logical grounds though the products of such cleavage do not seem to be a major element of vicilin. The two sequences predicted by our cDNAs, the 50k and 47k, seem to represent types A and B respectively. The 50k Mr protein sequence agrees well with the 50k (type A) cDNA predicted sequence, whereas it agrees less well with the 47k (type B) predicted sequence. Similarly the sequences of the 33k Mr (a+B) and 16k (y) subunits which have been reported to be the products of the 47k Mr (type B) subunit (6, 9, 10) are more similar to the predicted 47k (B) sequence than the 50k (A) sequence. The 19k Mr (a) and 13.5k Mr (6) also show better homology to the predicted 47k (B) sequence than the predicted 50k (A) sequence but it has been proposed on the basis of pulse labelling experiments (6) and from a theoretical model (10) that a third class of message (type C) should code for a peptide cleaved to give these subunits. Unfortunately no sequence data is available from this third class of message. The imperfect correspondence of the protein data to the cDNA predicted sequence may be ascribed to the fact that whilst the cDNA represents the product of one single gene, each class of protein subunit may represent the products of several genes in each class as discussed later.
The proposed site of cleavage of the 47k protein is shown in Fig.2 .
The area around this site was found to be a region of considerable divergence between the two cDNA sequences. In particular, two small deletions, of 9 bases and 3 bases respectively were found in the 47k sequence. These do not, of course, disrupt the reading frame of the sequence and are not sufficiently large to account completely for the difference in electrophoretic mobility between the 47k Mr and 50k Mr subunits of vicilin. However, other differences exist between these subunits including a potential site for asparagine glycosylation N-X-(T/S) (32) in the 47k sequence (Fig. 3) . This glycosylation site is confirmed by the failure to detect asparagine m amino acid sequence as predicted by the cDNA sequence (Fig.4) . Fig. 5 shows a diagrammatic comparison of the sequences of the two vicilin cDNA types with published cDNA sequences encoding phaseolin (33) and conglycinin a -subunit (34), the vicilin like proteins of Phaseolus vulgaris and Glycine max respectively. The regions of sequence divergence between the species occur mainly around the two major potential processing sites of vicilin. In these regions not only does the vicilin sequence diverge from that of phaseolin and conglycinin a but phaseolin also shows no apparent homology with conglycinin. The region of conglycinin sequence known to be particularly highly conserved between a number of conglycininlike peptides (35) is in one of the regions of good homology between vicilin and conglycinin. There is also an area of sequence divergence between phaseolin on the one hand and vicilin and conglycinin on the other. In all cases the diverged stretches of sequence are longer in vicilin than in the other two genes.
DISCUSSION
The presence of a signal peptide in the coding sequence of preprovicilin is not unexpected as this has been predicted for vicilin (6, 13) and signal peptides have been found in other seed proteins (36, 37, 38) . In addition to extensive post-translational endo-proteolytic cleavage a C-terminal peptide is also removed. A similar processing has also been reported for the seed protein thaumatin (36) Amino acid sequence data. The amino acid sequences predicted by the cDNA clones are shown for comparison. Where the two cDNA sequences overlap, the sequence-of pDUB2 is shown in full and the sequence of pDUB4/7 is shown only where it differs from that of pDUB2. Where several amino acids were detected in the protein sequence, these are shown one above the other.
I indicates that N or C terminal ammo acids were determined directlŷ represents several amino acids (I-V) omitted to allow lining up for maximum homology. ---indicates spaces inserted to allow lining up for maximum homology sequence not determined. The sequence of the 13.5k subunit has been taken from Hirano et al (11). Many developmentally expressed animal gene systems consist of families of related genes. These are also found in soybean (Glycine max) (34, 35) and maize (Zea mays) (41, 42) and it would seem that the vicilin genes of pea constitute another gene family. This family may be more complex than present sequence information indicates as a third class of message has been predicted on the basis of post-translational processing of the proteins (9) and, Southern blots have indicated the existence of a number of vicilin genes (10) . Sequence data already obtained (GWL and AJD unpublished) show that a particular functional class of clones may have evolutionary variants within it. Nonetheless there is no evidence to date that the vicilin gene family shows the same degree of complexity as does the conglycinin gene family in which there are not only several classes and subclasses of conglycinin cDNAs (34) but also a series of more widely differing cDNAs which show only a small region of homology to conglycinin cDNAs (35) . Even so this possibility cannot be ruled out since the region of the conglycinin sequence that is common to all the cDNAs also shows homology to vicilin cDNAs.
It has been proposed that the highly conserved region of conglycinin sequence is involved in stabilising the structure of the message (36) .
However, the homology between the vicilin and conglycinin genes is equally well explained by the need to conserve certain features of the protein sequence for its function.
